We present a strategy for searching for heavy neutrinos at the Large Hadron Collider using the MoEDAL Experiment's MAPP detector. We hypothesize the heavy neutrino to be a member of a fourth generation lepton doublet, with the electric dipole moment (EDM) introduced within a dimension-five operator. In this model the heavy neutrino is produced in association with a heavy lepton. According to our current experimental and theoretical understanding, the electric dipole moment of this heavy neutrino may be as high as 10 −15 e cm. We briefly examine the possibility of detecting such a heavy neutrino in the MAPP as an apparently fractionally charged particle, via ionization due to the neutrino's EDM.
Introduction
In this work, we wish to explore the possibility that a heavy neutrino with a large electric dipole moment would be detectable by MoEDAL's (Monopole and Exotics Detector at the LHC) MAPP (MoEDAL Apparatus for Penetrating Particles) subdetector. MoEDAL is the seventh and newest experiment at the Large Hadron Collider (LHC) [1, 2, 3] . MAPP will be installed adjacent to the MoEDAL detectors in order to take data during Run-3 of the LHC.
We consider the possibility here that the heavy neutrino could be revealed at the LHC via the ionization caused by an anomalously large electric dipole moment of the neutrino. There are several possible models that could possibly give rise to such large electric dipole moments (EDMs). In order to cast as wide a net as possible we utilized an effective Lagrangian approach to modelling heavy neutrinos with sizeable EDM. The possibility of electric dipole moment (EDM) of a heavy neutrino was discussed previously in refs. [7, 8, 9] .
The detection of permanent EDMs of particle would provide incontrovertible evidence of physics beyond the SM. As EDMs violate both parity and time-reversal symmetries, their measurement would allow the further elucidation of CP-violation at the TeV scale. Current complementary experiments to those done at the LHC are designed to be sensitive to the supersymmetry range of EDMs [10] .
In the Standard Model (SM), the EDMs are exceedingly small [11] . The ACME (Advanced Cold Molecule Electron EDM) experiment [12] improved the previous bound [13] on the electron EDM of 4.3 × 10 −27 e cm to 0.87 × 10 −28 e cm. More recent results provide slightly tighter upper bounds of
−28 e cm [14] and |d E | < 9.4 × 10 −29 e cm [15] . The Particle Data Group now gives an electron EDM limit of |d E | < 0.11 × 10 −28 e cm [16] . The muon EDM limit was 1.1 × 10 −18 e cm in 1978 [17] , and was lowered thirty years later to |d µ | < 1.8 × 10
−19 e cm in Ref. [18] . For the muon, the Particle Data Group gives a limit of |d µ | < −0.1 ± 0.9 × 10 −19 e cm [16] . The limit on the tau's EDM was listed at 3 × 10 −16 e cm in 2001 [19] and corrected to −2.2 × 10 −17 < Re(d τ ) < 4.5 × 10 −17 e cm in Ref. [20] .
From a theoretical perspective, values of the EDM are model dependent. For instance, in multiHiggs models, the EDM of the muon are at most [21] as 10 −24 e cm. In leptoquark models, the muon and tau EDMs are again typically 10 −24 e cm and 10 −19 e cm, respectively [22] . Likewise, in left-right models [23] , the muon EDM is typically (10 −24 e cm) sin α, where α is a phase angle. Additionally, in the minimal supersymmetric standard model (MSSM) [24] , the electron EDM is somewhat above the experimental bounds if the phases are all of order unity.
Babu, Barr, and Dorsner [25] discussed how the EDMs of leptons scale with the lepton masses. In many models, such as the MSSM, they scale linearly with the mass. However, in a number of models, such as some multi-Higgs, leptoquark, and flavor symmetry models, the EDM scales as the cube of the lepton mass. In these models the tau EDM will be 5000 times larger than the muon EDM. More details can be found in a theoretical review of EDM beyond the SM that was published by Fukuyama in Ref. [26] , with further clarifications in Ref. [27] . From this we see that a wide variety of models with new heavy leptons give rise to EDMs that may be observable in the next round of experiments. As was done in [7, 8, 9] we will adopt an upper bound of 10 −15 e cm for our EDM in this work. Current experimental bounds on heavy neutral leptons require that the mass of the heavy neutrino be larger then 45 GeV [16] . Upper bounds on possible neutrino masses are model dependent. If the heavy neutrino is part of a fourth generation of fermions then it cannot be accommodated by a minimal extension of the SM as this is ruled out by Higgs data, in particular the H → γγ decay [28] . However, other models do allow for a fourth generation of fermions (vector-like) [29] [30] and therefore for a heavy neutrino that is a member of a fourth leptonic SU (2) isodoublet. Its heavy charged partner would then need to have a mass greater then 100.8 GeV [16] with a model dependent upper limit that can be up to 1.2 TeV [30] . For this work we will therefore consider heavy neutrinos with masses of 45 GeV or larger. This paper will be organized as follows, in Section 2 we briefly describe MoEDAL's MAPP detector. In Section 3 we will discuss the MadGraph model we constructed in order to explore the potential detection of heavy neutrinos with large EDMs, using MAPP. In Section 4 we briefly discuss the possibility that MoEDAL's MAPP detector can differentiate between a heavy neutral particle with large EDM and a mini-charged particle based on angular distribution. In Section 5 we discuss our preliminary simulation of the detection of the neutrino EDM in the MAPP detector and show a plot that presents our sensitivity to heavy neutrinos, as described in the model presented here, with a detectable EDM. Finally we conclude in Section 6.
MoEDAL's MAPP Detector
In the work described here we utilize the central core of the MAPP detector that is designed to search for mini-charged particles (MAPP-mCP). MAPP's other capability, the ability to search for new long-lived weakly interacting neutral particles, is not relevant for this study. MAPP is protected from interacting Standard Model (SM) particles at IP8 by roughly 25 m to 30 m of rock and from cosmic rays by an overburden of approximately 100m of limestone. The MAPP detector can be deployed in a number of positions ranging from 5
• to the beam at at distance of ∼55 m from IP8 to approximately 30
• to the beam at a distance of ∼ 5m from IP8. In this case we consider the small angle (5 • ) position. The compact central section of MAPP that forms MAPP-mCP is made up of two collinear sections, with cross-sectional area of 1.0 m 2 , each comprised of 2 x 100 (10 cm × 10 cm) plastic scintillator bars each 0.75 m long. Thus, each through-going particle from the IP will encounter 3.0m (4 x 75 cm) of scintillator. Each bar is readout by a single low noise PMT. All four PMTs are placed in coincidence in order to essentially eliminate backgrounds from dark counts in the PMTs and radiogenic signals in the plastic scintillator or PMTs. The detectors are protected from cosmic rays and from particle interactions in the surrounding rock by charged particle veto detectors. A sketch of the MAPP-mCP detector is shown in Figure 1 .
Model Validation and Production
As mentioned above there are several possible models that could possibly give rise to large electric dipole moments. To the SM lepton representations, we add one vector-like doublet and its mirror. The vector-like doublet lepton will have both left-handed and right handed components. The new representations are, with quantum number assignments for SU (3) c ×SU (2) L ×U (1) R given in brackets
where we will assume that the mirror doublet L c4 , which can also have interactions with the Z boson, is much heavier. We are particularly interested in the interaction of neutrinos in the model. In order to cast a wide net in modelling the heavy neutrinos we use the following effective Lagrangian, where the non-SM heavy neutrino is described by the field N , A µ and Z 0µ denote the photon and Z 0 gauge fields, respectively,
Here eD is the magnitude of the electron EDM, and M N is the mass of the heavy neutrino. The second and third terms of Eq. (2) are effective low-energy dimension-five operators which involve the heavy neutrino N , seen as a massive neutral Dirac fermion, whose EDM (described in Eq. (2), eD, could be as large as 10 −15 e cm. This effective Lagrangian approach was pioneered by by Sher et. al. in [7] - [9] . Of particular interest to MoEDAL is ref. [9] which discusses the search for heavy neutrinos with detectable EDMs at the LHC.
In [9] Sher and Stevens only considered heavy neutrino anti-neutrino production from quarkantiquark collisions interacting through an s-channel photon. This would correspond to using only the first interaction term in the Lagrangian above. In order to push beyond this we used the FeynRules Mathematica package ( [31] ) to implement our model in MadGraph ( [32] ), a matrix element evaluation tool.
To validate our model implementation we first looked at e + e − → NN and considered only s-channel photons. This is effectively equivalent to only using
as the interaction term in our Lagrangian. Computing the differential cross section for this process gives,
where θ is the angle of the particle to the beam axis, from which a total cross section is easily determined. After turning off the Z contributions in the model, comparing this exact expression (shown as the red line) to the MadGraph output (shown as the blue line on the plot) for our implementation gives excellent agreement as can be seen in figure 2. The model that we are using also stipulates that our heavy neutrino is a member of an isodoublet and will have the same interaction with the Z as a regular neutrino would. In order to verify that our MadGraph model correctly implemented this interaction we "turned off" the other interaction terms in the model and focused on
We then compared the cross section for e + e − →N N to the cross-section for production of a regular electron neutrino anti-neutrino pair in MadGraph. The results of this can be seen in figure 3 . Note that both cross-sections exhibit the characteristic Z pole, but that the tail of the distribution is quite different due to the N 's substantially larger mass. Setting the N mass to zero gives two identical distributions.
We also looked at implementing a standard Yukawa interaction Higgs coupling for the heavy neutrino but as expected this did not substantially change the cross-sections for the heavy neutrino mass ranges in which we are interested.
We then considered the production of N −N via a Drell-Yan process using our model in MadGraph. Figure 4 shows the cross-section for this process as a function of centre of mass energy for several different heavy neutrino masses.
Angular Distribution on Heavy Neutrino Production
In the model presented by Sher and Stevens ( [9] ) the contribution to the differential cross-section coming from EDM varies with sin 2 (θ), which differs from that of mini-charged particles (mCP) which have a typical distribution of 1 + cos 2 (θ). It might therefore be possible for MoEDAL to differentiate between this class of models and a more conventional mini-charged object.
However, in the model we describe here, the heavy neutrinos are mostly forward-backward produced (typical to the Drell-Yan process) where in this case, the inclusion in our model of the weak interactions is highly relevant. Interestingly, the angular distribution expected from mini-charged particles that arise in dark QED [33] , for example the scenario explored in ref. [34] , has a similar angular distribution. So in our case, it would be challenging to identify the observation of a "mini-ionizing" particle as a heavy neutrino or as a mini-charged particle originating from a dark sector process, on the basis of angular distribution alone.
Ionization Loss Due to the EDM of the Heavy Neutrino
A neutrino with a large EDM can lose energy in a detector through electromagnetic interaction, thus rendering its detection possible [7] . As discussed in [7, 9] , the impulse ∆ p = e E dt given by the heavy neutrino's EDM to an atomic electron electron depends on the dipole's orientation. The impulse is equal to: eD 4π 0 2 vb 2 , if the dipole is in the plane perpendicular to the neutrino's motion, the impulse is zero if the dipole is parallel to the neutrino's direction of motion. Here, eD is the size of the neutrino EDM and v, b are the velocity of the neutrino and impact parameter to the atomic electron, respectively. For many interactions, the net average impulse given to an electron is expected to be half of this result. For a non-relativistic electron, this impulse leads to an energy transfer equal to Figure 4 : Cross-section for the production of NN in a Drell-Yan process for neutrino masses of 50 GeV, 80 GeV, 100 GeV and 200 GeV.
With
, performing the integration cylindrically over the impact parameter, as in [7, 9] , we find:
where Z is the nuclear charge, N is the neutron number, and γ = 1 √ 1−β 2 the relativistic factor.
Detection of such heavy neutrinos will therefore depend on the size of its EDM and its mass. Using our MadGraph model with √ s = 14 TeV we generate Drell-Yan produced heavy neutrinos. Using Eq. 5, we then simulate their energy loss through 25 m of rock, the average amount of material would be encountered by a neutrino impinging on the MoEDAL-MAPP detector deployed at 5
• to the beam line, followed by an air-gap and then 3 m of plastic scintillator. We assume that the heavy neutrino would be detected due to its EDM if it gives rise to 100 photons or more in each of the 4 sections of the detector for a total of at least 400 photons. To convert energy deposition into number of photons in the scintillator we consider 10 4 photons produced per centimetre of plastic scintillator traversed [36] .
Assuming that the MAPP detector is 100% efficient, using the criteria above, then our sensitivity contour to heavy neutrino EDM observation is indicated by 3 or more events observed, for each value of D and M N , is given in Figure 5 . In this plot we considered both 30 fb −1 (LHC's Run-3) and 300 fb −1 (High Luminosity LHC) of integrated luminosity taken at IP8 1 . We see that with 30 fb −1 of data available to MoEDAL during Run-3 of the LHC, MAPP will be able to exclude heavy neutrino masses from 40-200 GeV with EDM values as low as 10
−16 e cm in the most favorable scenario. Tighter bounds predicted assuming 300 fb −1 of data improve our reach slightly, down to 8 × 10
−17 e cm. 
Conclusion
In our work we have extended the work in [9] and implemented a heavy neutrino model where the heavy neutral is a member of an isodoublet. We have further considered this in the context of MoEDAL's MAPP detector and concluded, based on these initial studies, that a heavy neutrino with a large enough EDM could in principle be detected at at the LHC using MoEDAL's MAPP detector. A non-observation would allow us place bounds on the value of D as well as on the mass of such particles.
